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Abstract The aim of this paper is to develop and analyze a cost-effective high-
order efficient numerical method for a class of two-dimensional singularly perturbed
parabolic convection-diffusion problems with non-homogeneous time-dependent
boundary data. To achieve the goal, we develop an efficient fractional-step fitted
mesh method that combines the fractional implicit-Euler method with an alternative
evaluation of the boundary data for discretization in time, and consists of a new hy-
brid finite difference method for discretization in space. In the case of fully discrete
numerical approximation of evolutionary PDEs, in particular, with time-dependent
boundary conditions; it is noticed that the classical evaluation of the boundary data
usually causes the order reduction in time; and it becomes severe when the fractional-
step method is used. In this regard, the novelty of the current algorithm, other than
its higher-order accuracy, is that the method can eliminate the order-reduction in
time before and after the extrapolation with an appropriate evaluation of the bound-
ary data; and at the same time, it can reduce the computational cost for solving
the multi-dimensional problem by using the fractional-step method that converts the
multi-dimensional system into two-independent one-dimensional subsystems at each
time level. To accomplish this, we discretize the spatial domain using a layer-adapted
non-uniform rectangular mesh and the time domain by an equidistant mesh. Stability
and e-uniform convergence result of the fully discrete scheme are established in the
supremum-norm. Moreover, the Richardson extrapolation technique is implemented
solely in the time direction to enhance the order of convergence in time. Finally, nu-
merical results are presented with the default and alternative choice for the boundary
data to validate the theoretical findings.
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1. Introduction

Computational investigation of multi-dimensional singularly perturbed partial dif-
ferential equations (SPPDEs) has always been of great interest to engineers and
scientists due to wide applications of SPPDESs in real-life. As a prominent exam-
ple, one can consider time-dependent advection-dispersion PDEs which are used
to model several complex phenomena appeared in hydrological and environmen-
tal sciences and engineering. In this regard, we refer the article [2] dealing with
the solute transport phenomenon associated with groundwater and surface water
flow system. Another important example includes the mathematical modeling of
anti-cancer drug transportation into tumor cells governed by the time-dependent
advection-diffusion PDEs (see [18]) arising in mathematical biology. Computational
analysis of this type of mathematical model enables to predict spatio-temporal dis-
tributions of drugs within the tumor tissue; and indeed plays a vital role for improv-
ing the chemotherapy treatment by identifying the specific cell or compound-related
factors that prevent drug penetration through tumors. It is worth mentioning that
the above mentioned PDEs turn out to be SPPDEs whenever dispersion or diffusion
coefficient is substantially smaller than the advection term; and the corresponding
model inherently becomes more complex due to the presence of the boundary layer
phenomena. Consequently, analyzing such PDEs becomes computationally chal-
lenging task; and thus requires development of robust numerical techniques to solve
them efficiently.

1.1. The continuous problem

In this paper, we focus on the following class of two-dimensional singularly per-
turbed parabolic IBVPs with non-homogeneous time-dependent boundary data
posed on the domain D = G x (0,7] = (0,1)% x (0,7]; G = [0,1)2 :

(2 +1)ulw,y,0) =g yt), (@) eD,
u(x7y70) = q0($7y)a (x,y) € av (11)

w(z,y,t) = s(z,y,t), (2,9,t) € 96 x (0,T],

where
Lsu = 7€Au —+ ’l_}'(l',y,t) . 6” + b(l’,y,t)u,

17(.%, y’t) = (vl(x,y,t),vg(sc,y,t)),

and ¢ is a small parameter such that ¢ € (0,1]. The coefficients ¥(z,y,t), b(z,y,t)
and the source term g(x,y,t) are considered to be sufficiently smooth with

vi(z,y,t) >m >0, wvy(z,y,t) >my >0, b(z,y,t)>p >0, onD. (1.2)

We set Lo = L1 + Lo, where the differential operators L ., Lo . are defined by

0%u Ou

Ll,Eu = —8@ + Ul(x7y7t)% + b1($7y7t)u,
0? 0
Lycu= —587; + Ug(x,y,t)a—z + ba(z,y,t)u,
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with g = g1 + g2, b = b1 + b with b; > f; > 0, for i = 1,2. We further assume that
the initial and boundary data of the problem are sufficiently smooth functions and
also assume that necessary compatibility conditions hold among them in order to
u(z,y,t) € (34+7(5), which has continuous derivatives up to fourth-order in space
and second-order in time. The existence of the solution u(z,y,t) of the IBVP
(1.1)-(1.2) follows from [Chapter IV, §5] of the book [19] by Ladyzenskaja et al.
The necessary compatibility requirements are given in [6]. The solution of the
IBVP (1.1)-(1.2) generally possesses exponential layers of width O(g) at the outflow
boundaries x =1 and y = 1 (see [22,28]).

1.2. Existing works

The fitted mesh methods(FMMs), which utilize a specified difference operator on
special layer-resolving meshes, are often considered as a well-known methodology
for solving SPPDEs to overcome the limitations of the classical methods which can
not capture the solution accurately on the equidistant meshes unless the mesh size
becomes very small (i.e., O(¢)). To know about the variety of FMMs, one can
see the books [13,28]. In this regard, couple of articles [4, 14,15, 24| dealing with
efficient FMMs for 1D non-stationary problems can also be referred. Further, one
can recall different FMMs analyzed in [21,30] for 2D stationary problems. For
2D non-stationary problems, one can consider the implicit FMM analyzed in [5]
which utilizes the classical finite difference scheme for the spatial derivatives and the
backward Euler method for the time derivative. Even though reduction in the order
of convergence does not occur; but the specified method leads to a pentadiagonal
linear system, at each time step. Consequently, the computational cost of that
scheme becomes quite high.

On the contrary, the fractional-step method reduces the computational cost re-
markably because only tridiagonal linear systems need to be solved at each time
level. We now highlight couple of research outcomes related to the fractional-step
fitted mesh methods (FSFMMs) for solving multi-dimensional evolutionary SP-
PDEs. In connection with the fractional implicit Euler methods, for instance, we re-
fer [20] for singularly perturbed 2D parabolic reaction-diffusion IBVP and [9,12] for
2D parabolic convection-diffusion IBVP; [23] for 2D parabolic convection-diffusion
problem with two parameters and [10] for 2D parabolic problem having degener-
ated convective components. These methods are uniformly convergent with first-
order accurate in time. Further, we refer contributions of Clavero et al. in [3]
and Mukherjee and Natesan in [26] to develop higher-order (with respect to both
space and time) FSFMMs for singularly perturbed 2D parabolic IBVPs by using the
Peaceman-Rachford fractional-step method. However, the above cited articles are
devoted to the study of evolutionary SPPDEs with homogeneous boundary condi-
tions and therefore, do not discuss how to overcome the order reduction phenomenon
occurred in case of the time-dependent boundary conditions.

In the case of fully discrete numerical approximation of evolutionary PDEs with
non-homogeneous boundary conditions (in particular, time-dependent); it is ob-
served that the classical evaluation of the boundary data usually causes the order
reduction in time while using one step method for time integration (see, the arti-
cle [1]). Moreover, the similar evaluation drastically reduces the order of convergence
when the fractional step method is used as can be seen in Section 6. In the literature
there are relatively few research articles which deal with numerical approximation
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of singularly perturbed 2D parabolic PDEs with time-dependent boundary condi-
tions. In this regard, we cite recent contributions of Clavero and Jorge in [6, 7]
and [8] for implementation of the fractional implicit Euler method in the temporal
direction and the classical finite difference schemes in the spatial direction to de-
velop FSFMMs, respectively for singularly perturbed 2D parabolic scalar problems
and systems of convection-diffusion type with time-dependent boundary conditions.

1.3. Present work

The goal of this article is to construct and analyze an efficient FSFMM followed by
the Richardson extrapolation technique to obtain e-uniformly convergent higher-
order space-time accurate numerical solution for a class of singularly perturbed 2D
parabolic IBVPs of the form (1.1)-(1.2) with time-dependent boundary conditions;
and also to analyze the order reduction phenomenon before and after the extrapola-
tion. The proposed FSFMM combines the fractional implicit-Euler method with an
alternative evaluation of the boundary data for discretization in the temporal direc-
tion; and consists of a new hybrid finite difference method (a suitable combination
of the modified central difference scheme and the midpoint upwind scheme based on
e <|u||[N~tand & > ||u||[N~1, I = 1,2) for discretization in the spatial directions.
Note that 1D version of this hybrid method is previously analyzed in [31] for sin-
gularly perturbed 1D parabolic IBVPs. For this purpose, we discretize the spatial
domain using a non-uniform layer-adapted rectangular mesh (tensor-product of 1D
piecewise-uniform Shishkin mesh) and the time domain by an equidistant mesh.

The novelty of the proposed finite difference method is that it can produce
higher-order spatial accurate numerical solution across the different regions both
in x and y-directions. More precisely, the spatial accuracy is at least two in the
outer region and almost two in the layer regions, irrespective of the smaller and
larger values of the parameter ¢; as can be seen from Tables 9 and 10. It is worth
mentioning that the associated convergence analysis also includes both the cases,
i.e. € < ||vy||N"! but also for € > |lv;||[ N7, I = 1,2. In addition to this, by imple-
menting the temporal Richardson extrapolation, i.e., the Richardson extrapolation
solely for the time variable, we enhance the order of convergence in the tempo-
ral direction. As a result, we show that one can achieve globally almost second-
order accurate numerical solution (considering both space and time) provided the
suitable evaluation of the boundary data is considered. To the best of our knowl-
edge, hardly any research contribution is available in the literature dealing with a
higher-order space-time accurate numerical scheme that combines a fractional-step
numerical method together with the temporal Richardson extrapolation for solv-
ing 2D parabolic convection-diffusion SPPDEs, particularly, with time-dependent
boundary conditions.

To achieve the goal, we perform the error analysis for the proposed fractional-
step method in two-steps, which discretizes first in time and then in space. For
the time semidiscrete case, we consider the suitable choice of the boundary data
(mentioned in (3.3)) other than the classical choice to avoid the order reduction in
time, as like [6]. Apart from this, we derive asymptotic behavior of the analytical
solution of the semidiscrete problem (3.4) by incorporating the non-homogeneous
boundary data, which is indeed an essential part of the error estimate for the spatial
discretization. However, it is important to note that in [6] the two-step analysis is
carried out in the reverse order which firstly converts the IBVP into the semidiscrete
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IVP via spatial discretization and later into the fully-discrete problem via temporal
discretization. For the spatial discretization of the IBVP, it utilizes the convergence
result of the upwind finite difference scheme proved in [5], because the pentadiagonal
structure of the upwind scheme can be further decomposed into the tridiagonal
structure in the = and y-direction. However, we can not consider such technique
to achieve higher-order spatial accuracy using the newly proposed finite difference
scheme because of the use of finite difference operators, particularly associated with

L;L,ervl,mup? L;Ljvl,mup- In this regard, the present error analysis plays a quite significant
role.

In the literature, one can find couple of articles which utilize the Richardson
extrapolation technique to obtain the higher-order accurate numerical solutions
for stationary and non-stationary singularly perturbed differential equations. For
instance, we refer [11,25,29] for parabolic convection-diffusion IBVPs and [27] for
stationary convection-diffusion BVP. In those cited articles, the implementation of
the extrapolation technique particularly for the parabolic IBVPs requires doubling
the mesh-intervals both in the spatial and the temporal directions. It is worth
noting that the temporal Richardson extrapolation considered in the article has less
computational cost as it requires doubling the mesh-intervals only in the temporal
direction. In fact, due to the Richardson extrapolation technique only for the time
variable, one does not require to choose sufficiently small At for enhancing temporal
accuracy of the proposed fractional-step numerical method.

1.4. Outline and notations

The rest of this paper is structured as follows: Section 2 presents a priori bounds
for the analytical solution and its derivatives. In Section 3, we introduce the time
semidiscrete scheme, that uses the fractional implicit-Euler method together with an
appropriate evaluation of the boundary data and prove its uniform convergence. The
fully discrete scheme is introduced in Section 4 and the description of an appropriate
rectangular mesh is also given. Here, we deduce parameter-uniform convergence
result of the fully discrete scheme. In Section 5, we discuss about the temporal
Richardson extrapolation. Finally, the numerical results are presented in Section 6
for two test examples. Here, we compare the accuracy of the present method with
the implicit-upwind method given in [6]. The conclusion of this paper is provided
in Section 7.

In this paper, for each integer ¢ > 0, C‘BZ(D) denotes the set of functions which
are continuously differentiable up to order ¢ in the domain D; and €7 (D) denotes the
set of functions which are Holder continuous in D with exponent v, for v € (0,1).
Then, for each integer ¢ > 1, the parabolic Hélder space €“7(D) is defined as

OIthE
vy o g ' : ;

Further, H . HD denotes the maximum norm over D; and in case if the domain is
obvious, D is omitted. Note that the above definitions and notations are often
used with D, 8D75N’At, opV:At . Throughout the paper, C' denotes a generic positive
constant which is independent of the parameter ¢ and the discretization parameters

N and M.
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2. Asymptotic behavior for the analytical solution
We decompose the solution u(z,y,t) such that
u(z,y,t) = v(2,y,t) + w(z,y,t), (,yt) €D,

where v is the regular component and w is the singular component. Again, we
consider the decomposition

w(xa:%t) = wl(xa:%t) + W(I,y,t) + wll(z7y7t)a (xayvt) € ﬁ7

where wy, wy are the exponential layers near the sides z = 1 and y = 1 of G,
respectively; and wy; is the corner layer near the point (1,1). Following the approach
given in [9], one can show that the components of u(z,y,t) satisfy the following
bounds:

Ot (2, y,t)

—— 1 < 2.1
OxIr QyI2 Otk ‘ =C (2.1)

R w (z,y,t) , m (1 — )

— < Ceh - )
D Dyiz Ot ’ s Cetexp ( c ) (2.2)
j+k ) 1—

%( < Cerexp (- M) (2.3)

rJ1 y 2

I rw (2,y,1) . m(l —x) mo(1 —y)

AN AR Y —JImi el S A S .
DI ydz Otk ‘ < Ce mln{eXp ( c )’eXp ( c )} (2:4)

where V ji1,ja, k € NU{0}, 7 = j1 +j2, 0 <j+2k <4 and (z,y,t) €D.

Lemma 2.1. The derivatives of the solution u(x,y,t) of the IBVP (1.1)-(1.2) sat-
1sfy the following bounds:

Zebeet <o >
LD < 0o (- L), )

where j = j1 + j2, 0 < j+ 2k <4 and (z,y,t) €D.

3. The time semidiscrete problem

In this section, we describe the numerical method to discretize the continuous prob-
lem (1.1)-(1.2) in the temporal direction. We discuss the stability, and provide
the error analysis by proposing a suitable choice of the time-dependent boundary
data instead of evaluating them classically in order to avoid the order reduction
phenomena.

We consider an equidistant mesh, denoted by A2t := {t, M, on the temporal
domain [0,7] with M mesh-intervals such that At = ¢, —t,—1 = T/M, n =
1,...,M. Let u"(x,y) ~ u(x,y,t,). Then, the semidiscrete problem obtained
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by utilizing the fractional implicit-Euler method which can be written as two-half
scheme is given below:

(4) (initial condition)
uo(xvy) :qO(-'L'7y), (x,y) €G,
(i) (first half)

(I+ ALy 2 (@, y) = u™(2,y) + Atgi (2, Y, tata),  (2,y) €6,

w2 y) = 52 (@), (@) € 0,1} % [0,1) 3.1)

(7i7) (second half)

(I + Atngl)unJrl (xv y) = un+1/2(xv y) + Atﬂ?(xa Y, tn+1)7 (iC, y) € G,

Wz, y) = s (z,y),  (,y) €[0,1] x {0,1},

forn=20,...,M — 1, where the operators L’f;fl and Lg:_rl are defined by
2
L?;l = _E% + vl(x7y7tn+1)% + bl(x7y7tn+1)7
2
ngl = *5367312 + ’UQ(.T, yvtn—i-l)% + bQ(xay7tn+l)'

The classical choice of the boundary conditions is given by

Sn+1/2<x7y) = S($7y7tn+1)7 (xay) € {07 1} X [07 1]u

st (z,y) = s(z,y,tar1),  (a,y) € 10,1] x {0, 1}.

(3.2)

Here, we propose an alternative choice of the boundary data which is given by

s"H12(z,y)

= (I + Atngl)s(xvyvtn+1) - AtﬂZ(l.vyatn+1)a (.’E,y) € {07 1} X [07 1]7 (33)
s"t(z,y) = s(x,y,the1), (z,y) €[0,1] x {0,1}.

Remark 3.1. If the the natural choice of the boundary data is used instead of the
alternative choice (3.3), order reduction occurs in the global error. For a detailed
discussion of alternative choice of the boundary data , we refer the reader to [6].

It is easy to check that the operators (I + Ath;l) and (I+ AtLS:gl) satisfy the
following maximum principle.

Lemma 3.1 (Maximum principle). Let the function ¢ € C°(G) N €*(G) such that
Y(x,y) <0 on dG and (I—i—AtLZ;l)w(a@y) <0, k=12, forall (z,y) €G. Then,
it holds ¥(z,y) <0 for all (z,y) € G.

As a consequence of Lemma 3.1, we obtain the following result which ensures
the stability of the time semidiscrete scheme (3.1).
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Lemma 3.2. Let the function Z € C%(G) N C2(G). Then, we have

1Zlls < 11256 + 1@+ At

1
14 BrAt

3.1. Error analysis

Let us denote é™*! as the local truncation error of the time semidiscrete scheme
(3.1) at the time t,41, ie., e" i (z,y) = w" T (z,y) — u(z,y,tot1), where u" ! is
the solution of the following auxiliary problem

(i) u’(2.y) = qo(x,y), (z,y) €G,

(' ) (I + AtL?zl)En—i_l/Q (.13, y) = u(x, Y, tn) + Atﬂl (Z‘, Y, tn+1)a (xv y) € G,
(2
’l‘in+1/2(

z,y) =s"2(z,y), (x,y) €{0,1} x [0,1],

(I+ ALyt )umt (@, y) = 02 () + At (@, y,tas),  (2,y) €6,

ﬂ"+1(x’y) = Sn—H(‘r’y)? (m,y) € [07 1] X {07 1}7

(iid)

(3.4)
forn=0,...,M —1.

Lemma 3.3 (Local error). Under the alternative boundary data of s"+t1/? and s™**

given in (8.8), the local error €+ at the time level t, 1 satisfies that
el < C (AL, (3.5)
Proof. The proof follows from [ [6], Lemma 1]. O

Let us denote "1 (z, y) as the global error of the time semidiscrete scheme (3.1)
at time t,, 11 as usual i.e., e" T (z,y) = w(x,y, tny1)—u" (2, y). The following result
shows that the fractional implicit-Euler method converges uniformly with first-order
accurate in time.

Theorem 3.1 (Global error). Under the alternative boundary data of s"t'/% and
s"t1 given in (3.8), the global error e" 1 satisfies that

sup He”“ HE < CAt.
(n4+1)At<T

Proof. By making use of the auxiliary problem (3.4), and invoking Lemmas 3.2
and 3.3, we obtain the desired estimate of the global error. O

4. The fully discrete problem

On the spatial domain G = [0,1]?, we construct a rectangular mesh ¢V = Eiv X
@iv C G, having (N + 1)? mesh point as depicted in Fig 1. Here, N > 4 is an
even positive integer; and Eiv and EZJIV denote the appropriate piecewise-uniform
Shishkin meshes, respectively in the x and y directions. The detail construction
of Giv is given below. We divide the spatial domain [0,1] into two sub-intervals
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H
oz —)

1— Ko =

vz

(o,lo) 1 KK,

5

[z

N
2

Figure 1. Shishkin mesh in the spatial direction

as [0,1 — K;] and [1 — Kj,1], where the transition parameter K; is defined by
K; = min %,KLoslnN , and K; o is a positive constant. In the analysis, we

only consider non-uniform mesh and for that we assume that K; = K;peln V.
Now, on each sub-interval we introduce equidistant mesh with N/2 mesh-intervals

such that Eiv = {0 = z0,21,...,2n/2 = 1 = Ky,...,xy = 1}. Analogously, we
define Eiv such that G;JV = {0 = yo0,91,---»ynj2 = 1 = Kg,...,yy = 1}, where
Ky :min{%,KgﬁoalnN}.

Further, the mesh widths in the spatial directions are denoted by

hey, =i —zi21, 1<i<N, hy, =y;—yj-1, 1<j<N,

hay = hyy + ooy, 1<i<N—1, hy, =hy, +h,,, 1<j<N-1.

_ 2(1 - K
Let h,, = Hy = 2050 1gigN/2andhy]:H2=%, 1<j<N/2
Alsolet hy, =hy =2, N/2+1<i<Nandhy,, =hy =22 N/24+1<j<
N.

4.1. Proposed fully discrete scheme

. . —N,At =N

For a given function W}, = ¥(x;,y;,t,), defined on the mesh D =G xA® we

n n n n
defne o . = Yait ¥ g WitV
i—5.J 2 T Thi—3 2
n n n n

Vg T VLic1y o, N R B XN T BN pn n

B » Voii—1/2 = B v and by, 95 Y955 1720 J1i-1/2,5

n J—
. Also, we define V10 =
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3.1 j—1/o are defined similarly. Let us denote G = EN N(0,1) and G = EN n(0,1).
Further, the difference operators denoted by D, D, , D, 62 in the z- dlrectlon and
the backward difference operator denoted by D, in the t-direction, are defined as
follows:

n Wi — ri — Wity
D;-ll)l’] — +1,7 sJ , Dm l-')z"] — ¥ 5J ,
R, R,
hz hz+1
Dy = =Dy, D7,
5] h hgc1 \J
2" 2
2.1,n +.1,n — .\ 2.1\ +.1,n —.
vj == (D7, = Dybiy),  o,07; = Ah*(Dy it — Dy,
. no_qpnl v
and Dy ;= ==

Similarly for the y-direction, we define the difference operators denoted by D+ D,
D;,62. In order to construct the fully discrete scheme (4.1) for the IBVP ( )
(1. 2) we consider spatial discretization of (3.1) in each half by a new hybrid finite
difference scheme. The scheme is composed of a modified central difference scheme
whenever £ > |lv;||[N~!,i = 1,2; and a combination of the midpoint upwind scheme
in the outer region and the modified central difference scheme in the layer region
whenever € < [jv;||[N7!,4 = 1,2. In this regard, the associated difference operators
L71H]_Vlmcd7 L?,—'—J\fl,mup’ Lg—}_\flmcd’ Lg-i]_\flmup are given by

1/2
L??\/l med U"JF /

562U”+1/2 + vl(mu yj7 7L+1)D*Un+1/2 + b (xu Yj, n+1)U +1/2>

L+l Un+1/2 652 n+1/2+ n+1 D Un+1/2+bn+1 Un+1/2

1,N,mup“i,j 11 1 i—140

Lot Un“ —e02U T+ Uz(ﬂfi’yj,th)DZUijH + ba (i, 5, n+1)Un+1,

2,N,mcd Yy
n+1 n+1 52 n+1 n+1 n+1 n+1 n+1
Lo N mupUi g0, U}’ Ty i1 y Ui T35 U)in

On the mesh EN’N, the fully discrete scheme takes the following form:
(1) Ugj = qo(z;,y;), fori,j=0,1,...,N,

USTYE  ayil U = U 4 Aty tes),

for 1 <i < N/2, y; € G and when & > [[v [N,

n+1/2 n+1 n+1/2 n+1
Ui,%’j + AiLY NmupUz j = Uin—%,j + Atﬂl,z‘—l/Q,j’

(44) for 1 <i < N/2, y; € Gév and when € < HU1||N_1, (4.1)

UV 4 AL QU2 = U+ Atgi(i, g, tag),

for N/2<i< N -1, ijGZ]!V,

UZ+1/2 ”+1/2(xi,yj), fori =0, N, Y; € 657
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1/2
U;fl + AtL;L7J1r\/1,mchi,le = Uzn;L 2y Atgy (i, Yj, tns1)s
for 1 <j < N/2, ; € GY and when € > |lv||[ N1,
+1 +1 +1 _ +1/2 +1
UZj—% + AtLg,N,mupUﬁj - Ui,j—% + Atﬂ;,z‘,j—uz’
(ii7) < for 1 <j < N/2, z; € GY and when & < [Jvg|| N1,

1/2
Uﬁfl + AtL;j\/}’mchiyjl = U:f / + AtﬂZ(‘riayj7tn+1)a

for NJ2<j< N -1, z; €GY,

Ut = 8" (2,y;), for j=0,N, 2; €G,,

'Ul(xiaijthrl)hzi) and

2
vo (s, y;,t h,.
py, = (e — 2(2i, Yy, bn+1) y’). Then, after rearranging the terms in (4.1), we

where s"t1/2 g"t1 are defined in (3.3). Let p, = (5 —

2
obtain the following form of the difference scheme:

=N
Ui?j = qo(ws,y;), for (ws,y;) €G,

N,Atpm+1/2 _  _ pn41/2 ¢ rrn+1/2 +rm+1/2 oAt
LU = pg, Uily " g, U + g Uy 7 = Fi (@, 5),

for 1<i< N -1, yjeGéV7

1/2 . =N
UZL;L /2 - s"H1/2(zy,y;), fori=0,N,y; €G,,

N,Atyrn+1 __  — +1 c +1 + 7+l _ pAt . .
Lo Uiy = iy, Uiy + g, Uiy 4 g, Uiy = Fo' (0, 5),

for 1<j<N-—1, z; €GY,

U{f;rl =s""(z;,y;), for j=0,N, ;€ @iv,

forn=0,...,M —1,

where the right hand side terms Fi* (2, y;), F5*(2;,y;) in (4.2) are respectively given
by

3 (U + At gl ) + 5 (U + Atgd ),
for 1 <i < N/2, and whene < [[oy[[N"!,  y; € GY,

At i ) —
Fl (‘r’uy]) -
UP; + Atgltl, for 1 <i < N/2, and when ¢ > [joy [N 7!, y; € GY,

Ul + Atgitl, for N/2<i< N —1, y; € G,
(4.3)
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and

n+12 n n+12 n
LM+ At gt )+ UMY 4 Aegrt ),

for 1 <j < N/2, and when ¢ < |[vo||[N~Y, x; € GV,
Fo* (i, y5) = § UMTY? 4 Atghtl, for 1< j < NJ2, (4.4)

and when ¢ > [|va||[ N7t x; € G,

UMY 4 Atgptl, for N2 <j< N -1, z; €Y.

Here, the coefficients i, , ug, ujk for 2z, = x;, k =i or 2z, = y;, k = j are given by

:uz_k = Atlur_ncd,zk’ lugk: - Atlufncd,zk + 1’ ILLZk = At /“L:r_wd,zk’
for 1 <k < N/2, and when & > ||| N1,

_ — 1 1
l"’zk = At Mmup,zk + 2 N’gk = At /‘Lfnup,zk + 2 /”ij = At /”L;;up,zw

(4.5)
for 1 <k < N/2, and when € < |lv;|| N7},

- _ - _ _ +
Mzk: = At Mmcd,z;ﬁ M;k = At ancd,zk + 1’ ‘Lsz = At :u‘mcd,zk’

for N/2 <k < N-1.

For k =1,
,Un—i-l n+1
_ 2e 1i—% 42 =%
Homup,e; = == -
mup,x; h(L‘,L h(L‘l hml 2 9
Un-i—l n+1
. 2e li-1. li—3,j
Honup,z, = + + ,
S 2
2¢e
Mmup,z.; =
hiEq hmz+1
n+1
Mf _ 2me Uy “lyig
med,x; - ’
T hahe, D
n+1
and e 204, i V1,5 4opntt
med,x; hzih it h:vl 1,4,
+ _ 204,
umcd,mi - E h
XTi'"Ti41

Similarly, for k& = 7, u;wp%,uf;wﬂyj,u;*‘wp’yj,uacd’yj,,ufncdwyj,,uj;wd’yj are defined.
We show that the difference operators LN At, Lé\f’EAt defined in (4.2) satisfy the

following discrete maximum principle. Let GN =G NG and 96N =c" \ GV,
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Lemma 4.1 (Discrete maximum principle). Suppose that the following conditions
hold for N > Nj :

N 1

d N>(b —), 1=1,2, 46
N and  mN > ([lbif} + (4.6)
where Ny is a positive integer. If any mesh function Z; ; = Z(x;,y;) defined on aV
satisfies that Z; ; < 0 on aGN and LlNEAtZM <0,1=1,2, inGN, then it implies
that Z; ; <0 for all4,j.

Proof. To prove this, one requires to adopt the approach given in [31] by considering
> |lo|N~! and e < ||| N L. O

4.2. Error analysis

In the beginning, we study the asymptotic behavior of the analytical solution of the
semidiscrete problem (3.4) and its derivatives. This Will be used later to derive the
bounds of the truncation errors ‘.T Aﬂ 41, and ‘.T n+1 For this purpose, at first,

we deduce a-priori bounds for u”“/ 2(z,y) and 1ts derivatives in the z-direction;
and also for #"!(z,y) and its derivatives in the y-direction. From Lemma 3.2, it is
clear that ||a"+t1/2|| < C and |[@"!|| < C, since u(x,y,tn), 41,42, " /2 and g+l
are g-uniformly bounded. For the proof of Lemma 4.2, apart from the requirement
of e-uniform boundedness and smoothness criteria on the given data, we also need
certain compatibility conditions at (0,t,) and (1,%¢,) as mentioned in (4.16). Note
that, the following result is established by extending the approach of [9], which in-
corporates the non-homogeneous boundary data s"*1/2, s”*+1; and also by applying
the argument of Kellogg and Tsan technique [17].

Lemma 4.2. The solutions u"t'/%(z,y) and u"t'(z,y) of the time semidiscrete
scheme (8.4) and their derivatives satisfy that

097 n+1/2
‘ dd ‘<C (I+e7exp(-m(1-2)/e)), 7=0,1,234,  (47)
and
] n+1
’8 ayﬂcy ‘<Cl+5 Texp(-ma(1—y)/e)), 7=0,1,2,3.4, (4.8)

for all (z,y) € G.

Proof. For concise presentation, we provide detailed derivation of the result (4.7)
for w12 (z,y).
Part-I: Here, we prove the result (4.7). Consider the auxiliary BVP

(I+ AtLﬁfl)C(x,y) L”+1 (2, y,tn) + ;1 (2, Y, tnr1) = Ha(z,y), (4.9)
~n+1/2 _
where ((z,y) = i (=, y)At u(@, y’t"), with boundary conditions:
a"t/2(0,y) — u(0,y,tn)
(0,y) = A7 )
_ (I + AtL;:;l)S(O, Y, tn+1) - Atﬂ?(ov Y, tn+1) - 5(07 Y, tn) (410)

At ’

n 8s O7yatn
= L3s(0,y,tnr1) — 2200, ¥, tny1) + % + O(At),
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Os(1,y,ty)

C1Ly) = L3 s(L g tner) = (L ystan) + =5 7= + O(A). (4.11)
Therefore, (4.9)-(4.11) reduces to the following form:
(I+ ALY, y) = Ha(z,y),
0(0,y) =Ly t's(0,y,tn11) — 42(0,y, tny1) + W +0(At),  (4.12)
C(1,y) =15 s(Ly, tny1) — 22(1L,y, tuy) + W + O(At).

We see that the boundary conditions of problem (4.12) are (e, At)-uniformly
bounded. Since |L§L:1u(a:,y,tn)| < C, we have |Hi(z,y)| < C. Hence, applying
Lemma 3.2 , we obtain that |((z,y)] < C. We have

L?Ilﬁn+1/2(l‘7y) = _C<.'L',y) +ﬂl($7%tn+l)7 (xay) S G)
w200, y) = (T+ ALET)s(0,y, tni1) — Atga(0,y, tngr), (4.13)
Zn—i—l/z(la y) = (I + Atngl)S(17y7tn+l) - Atﬂ2(07y7tn+l)~

Using the argument of Kellogg and Tsan technique [17], one can obtain that

ST < ofi+ e epcmll-a)/2)]. () €6

Let ¢y (z,y) = L?;fl(:(x, y), which satisfies that

(4.14)

(I+ALTI G (2 y) = =1 ule,y,tn) + L1 g1 (2, Y, tas) = Ha(z,y),

(0, 1 n

C1(07y) = - (Aty) + E |:ﬂl(07y7tn+1) - Ll,j-;lu(o7yat’n):|7
¢(1, 1 n

Cl(lay) = (Aty) + Kt [ﬂl(l7y7tn+l) - lelu(l,y’tn)} .

(4.15)
Since |(Lﬁf1)2u($, Y, tn)| < C, we have |Ha(z,y)| < C. Now, from the compatibility
conditions

Os(z,y,t
BIY)  pos(oyt) +glept), (o) € (0,1} % (0,1} % (0,71,
one can obtain that
0s(0,y,t,
% = _L?s(07y7tn) +ﬂ(07y,tn),
(4.16)
9s(L,y, tn) n
= _Lss(lay’tn) +ﬂ(]—ayytn)
ot
By using the equations (4.15) and (4.16), we get
(I+ AL G (2, y) = Ha(z,y),
04(0,y,t, nt10s(0,y,ty,
oty as Ty i)
g LY, ln n+1 S 7yatn
1,y)=——2"2 7/
Cl( vy) ot 2, ot + 027
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where C; and Cy are independent of ¢ and At. We see that Ho(z,y) =
—(Lq‘;l)Qu(:ﬂ7 Y, tn)—l—L’fnggl (x,y,tnt1) is bounded (e-uniformly) and boundary con-
ditions are (&, At)—unlforrnly bounded. Hence, applying Lemma 3.2 , we obtain that
|C1(z,y)| < C. Afterwards, one can deduce that

0 _
|t o, y) W <ofid e ep(-m(1-0)/e)], (ny) €6 (4.18)
by invoking Kellogg and Tsan technique [17] to the following BVP:

Lyt (2, y) = Gz, y),

0s(0,y,t,
C(Oa y) = Lg;lsa)’ Y, tn+1) — 42 (0, Y, t’ﬂ+1> + M + O(At)a (419)
n Os(1,y,ty
(1) = 1581 be) — (L) + 220 o)
. azn-ﬁ-l/?
Now, differentiate (4.13) with respect to x, we have that {(z,y) = 3 satisfies
x
the following problem
Ln+1C(33 y) HS(l‘vy)a
(4.20)

Z(an) = Cla Z(lay) = 0257%

) o (z,y,tn, O (z,y, tpyr) O TL/2
where Hz(z,y) = - Cg;y) + gl(JTay:U +1) - Ul(m;ﬂ +1) uax -

,y) and we obtain that

3b1( x,y, n+1)~n+1/2(
Or

[Ha(w,9)] < C[1 4+ exp(-m(1 —0)/e)|, (w,9) €T
Again, using the argument of Kellogg and Tsan technique [17] for (4.20), we get

‘8&(93 y ‘ _ ‘82 n+1/2
Ox?

To establish the result for j = 3, we follow the similar procedure. Firstly, we consider
the function (a(z,y) = (L?;fl)QC(a:, y) as the solution of the following BVP:

‘<C’[1+5 exp(— ml(l—x)/e)] (z,y) €G.

(I + Ath+1)C2($7 y) = _(L?,Jarl):‘u(xa y7tn> + (L?gl)Qﬂl(xayatn+1) = H4(£L‘, y>7
G(0,9) = 2 [ L 0.) + (LI (0, tus) — CFu(0,,1)]

1 { LY C(1,y) + (Lnﬂéh(l Yotny1) — (L?,Jsrl)zu(l’y’t")ﬂ'

Ca(ly) = AL

(4.21)
We simplify the boundary conditions of the problem (4.21) by using the compati-
bility conditions (4.16), to get

1 82 2 0s
C(0.9) = (FLEE 55 ) O wtusn) + (L1250 (0,0 tup) + O(AD), (4.22)

1 ,.,0% nt1r0 08
Gy = (L 55 ) tan) + (LE)? 5

27be pi2 )(Ly,tnﬂ) + O(At).
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We see that Hy(z,y) = (L"H) u(z,y, tn) + (L?;l)le (x,y,tnt1) is bounded (e-
uniformly) and boundary conditions are (e, At)-uniformly bounded. Hence, apply-
ing Lemma 3.2 , we obtain that |(a(z,y)] < C. Now, similar arguments can be
applied for the following BVP:

Ln+1C1(33 y) = Ca(z,y),
99(0,y,tn) ,,+10s(0,y,tn)

Ci(0,y) = T—LQETHJrCh (4.23)
oy tn) . 9s(loy,
G(1y) = 2B 0slbit)
to prove that
2
‘8 ‘<c[1+e Yop(-m(l-0)/)|, (ry) et (421)

Now, we differentiate (4.20) with respect to z, we consider that (;(z,y) =
325"“/2(3:,;/)

92 satisfies the following problem:
x

Ly (2, y) = Hs(z, ),

Zl(oay) = Clu Zl(l7y) = 025_27

(4.25)

where |Hs(z,y)| < C {1 +e 2 exp(—my (1 — x)/s)} , (z,y) € G. From the argument
of Kellogg and Tsan technique [17] for (4.25), we get

‘861 Y ‘_‘33 "*1;2 at)) ‘<c{1+s exp(-m(1-2)/e)|, (2,y) €C

Similar way one can obtain the bound for j = 4.
We now derive the bound of 7" +1/2(x, y) with respect to y by differentiating the
auxiliary BVP (3.4) at the first half with respect to y, and we get

S tL/2 (2, y) ~ Ou(x,y,t) O (x,y, tnyr)
I+A Ln+1 = ARLL A S
~Ovi(@, Y, tny) Sur 12 (x,y)
_ Oby(z,y, n+1)~n+1/2

5 (z,y),

0s(0,y,tni1) +Atav2(0’y’t”+1) 0s(0,y,tn11)
Jy dy dy

+At8b2 ,y tny1) (O,y,tn+1) _ Ataﬂzw’g’t”“), y e [0, 1]’

Y
85(1» Y, tn+1)

a’iln+1/2 (07 y)
dy

= (I+ Ayt

a’izn+1/2(17y) an(Lyatn—i-l) as(Lyvtn—‘rl)

= (I 4+ A2 ! At
dy (I+Ad™) dy * dy dy
1 Oop(1,y,t,
+At8b2( 7y»tn+l>s(1,y7tn+l)_A 32( ya Jrl)7 y € [O, ”.
dy dy

(4.26)
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)

The following bounds are proven by using the bounds of for j =

Oz
07 ]'7 27 37 47
QU2 (g, ; _
uayj(xy)’ < C|:1 +e™’ EXp(*IIlQ(]. - y)/£):| ) (xa y) € Ga for j = 0> ]-7 27 334

(4.27)
Part-II: We suppose that, based on prior technical criterion,

Lyt a2 @yl < €, (L E)? a2 (@, y)lls < C
L5 E)* a2 (2, ) |g < C.

Then, the proof of the result (4.8) for "1 (x,y) follows similarly as like the previous
case. O

Lemma 4.3. The exact solutions u"/2(x,y) and " (z,y) of the time semidis-
crete scheme (3.4) can be decomposed as

a2 (@, y) = PP (@ y) +vag T (2, y),

Wt z,y) =" (2, y) +v2g" T (2, y),

where y € (0,1) the components of u"*t1/2(x,y) satisfy

§ign+1/2 } 1-
’f’i.’ < 0(1 yeitl exp(—w)), j=0,1,2,3,4,
oxJ €

_ d’izn-i—l

i = exp(—v1 (L, y, tng1) (1 — - c 1

q (xay) eXp( Ul( »Ys ’I’L+1>( .I')/E), Y1 'Ul(l,y,tn-l,-l) dx ( 7y)a

and for x € (0,1) the components of w1 (z,y) satisfy
oipntl _ 1—
’ P - ‘ SC(1+57J+16XP<*M>)7 j:0a15273747
0yJ €

~ € dut!
qn—&-l(x’y) = exp(—vg(x, 1vtn+1)(1 - y)/s), Y2 = (xv 1)'

U2(x717t7b+1) dy

Proof. The proof can be carried out by using Lemma 4.2. See the approach given
in ([9], Appendix A). O

Next, we state several important lemmas which will be used in the next section.

Lemma 4.4. Consider the following mesh functions ©y (\) withl=1,2

N
Ahg, 1
@Lk()\l) = H (]. + %) 5 for 0 S k S N — 1, el,N()‘l) = 1,

Jj=k+1
il Ashy, \ 1

Oxx(X2) = [] (1+%) L for0<E<N -1, Oun(h)=1,
j=k+1

where \; is a positive constant. Then, we have the following inequalities:

(¢) If Ay <m;/2, then
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exp (—m (1 —xx)/e) < O1(\1), for0<k<N-1,
(4.28)
exp(fmz(lfyk)/a) < Ogk(A), for 0<k<N -1,

(ii) ©1nj2(N) < ON~MFeo, (4.29)

for some constant C.
Proof. Use the arguments given in [26, Lemma 5] for the proof of (i) and (i7). O
Lemma 4.5. If \; <m;/2, | = 1,2, then under the hypothesis (4.6) of Lemma 4.1,
it follows that

CAte™0y1(\;), for 1 <k < N/2, and when & > ||v;||[N ™!,

N,At

L7 0uk(N) = § CALH; 710y 1(N), for 1 <k < N/2, and when ¢ < [jo||[ N 71,

CAte O, 1(N\), for N2 <k <N —1.

Proof. The argument given in [31, Lemma 12| can be used to prove this lemma.
O

4.2.1. Error due to spatial discretization

In order to estimate the spatial error related to the fully discrete scheme (4.1),
we consider the spatial discretization of the auxiliary problem (3.4) using the new
finite difference scheme as described in Section 4.1. Hence, we obtain the following
discrete problem:

[7& =qo(zs,¥5), 0<1i,j <N,

NAtn+1/2 _ - frnetl/2 +1/2 /2 =
LSO = g UPR 4 e U2 4 it UFR? = F ()

for 1 <i,j <N —1,

U2 () = " 2(z,y),  (2,y) € {0,1} x G, , (4.30)

N,At
L) " Uznj-i-l = Hy Un+11 + Hy Un+1 + Un++11 — F"+1(xl,y])

for1<i,j<N-—1,

U (z,y) = " (z,y), (z,9) € Gy x {0,1},

forn=0,...,M —1

)

where the coefficients pi , u$ , it P> By M;'j are described in (4.5); and the terms
FP(xy,y;), F5(24,y;) are respectively given by
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FP (24, y5) =

and

Fo (wi,y5) =

for 1 <i < N/2, and when ¢ < |jv1||[ N7},

ll(l'i, Yj» tn) + At£17iaj ’

L ) Ly ta) + At gD,

%(u(xi—lv Yj, tn) + At gl,ifl,j

ijG]yVa

ntl for 1 <i < N/2, and when € > |Juy||[ N1,

u(l‘iayj7tn) + Atﬂl,i,j’

N
y; € Gy,

Pii, for NJ2<i<N-1, y;ecl,
(4.31)

Snt1/2 Sn41/2
SO + At gy )+ 5O+ Avgyl ),
for 1 < j < N/2, and when ¢ < [[vo||[N7!, x; € GY,

(7;;‘1/2 +At(g2";f;, for 1 <j < N/2, and when & > |lvg|| N1,

Z; EGJIV,

U2 4 Atgptl, for Nj2<j<N-1, z;ecl.

H2,i50
(4.32)

At first, we derive the estimate for the error |(72;r1/2 — ﬂ"+1/2(mi,yj)| Here, for
the discrete problem (4.30), the local truncation error at the first half is defined as

N,At[ﬁnﬂ-l/Q o En+1/2(xi7yj)]7

N,At L
zianti/z = Ble Vi
,ﬁn+1/2+ c [’jn+1/2+ + /2
M, Yi1j Ha;Yi 5 Mz, Viga j

_ <H”+1/2(xi7 yi) + ALY (2, yj))’

for 1 <i < N/2, and when € > |lv1||[N~1,

— 7n+1/2 rrn+1/2 rrn+1/2
MmiUﬁLj/ + 15, U / +M—;iU’Zl+1aJ/

A () + ARG 20 )

2
for 1 <i < N/2, when e < |Jv1]|[ N1,

1/ ~
(un+1/2($i71’yj) + AtL?glun+1/2(xi71,yj>)7

— rn+1/2 c rrn+1/2 + rrn+1/2
P Uiy 57+, Uiy 7+ i, Uiy

= (@12 i yy) + AL (),

for N/2 <i< N —1,
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At|:I_"5-L-~1_\/1mcd n+1/2 (xl Yj ) (L?,ilzn+1/2)(xi7yj):|7

for 1 <i < N/2, and when € > |jv;||[N71,

At [L?#mupun+1/2(xiayj) (Ll unJr /2 )Z—l/2,jj|7

for 1 <i < N/2, and when ¢ < |jv;||[N71,

At [Lﬁvlmcdﬂ"“/z(% y;) — (L) (@, yj)} :

for N/2<i< N -1,
= ALTY Ciio (4.33)

Therefore, ‘TN denotes the truncation error corresponding to the stationary singu-
larly perturbed problem, and is obtained by approximating the differential operator
L;,. with respect to the spatial variable-x using the proposed finite difference scheme.
Since #"*'/2 can be decomposed into 7"*1/2 and §"T'/? as mentioned in Lemma
4.3, we rewrite ‘J';\Z’WH/Q, as

N N N
‘J’wi’”ﬁn#—l/Q = Twi7’§n,+1/2 + 'Yl‘I%_’EnHm- (4.34)

Now, for fixed y € (0,1), by making use of the Taylor’s theorem on the functions
PV 2(x,y), §71/2 (2, y); and considering the remainder term in the integral form,
we obtain the following result.

Lemma 4.6. (i) For1<i< N/2, ‘J' o1z Satisfies that

Tiq1 64’}‘7'71-1-1/2(8 y) Tit1 83 n+1/2 5,y
ar T \SYy 7‘61
E/x_ 1 o S*/x 957 °

i—

Chy,

for 1 <i < N/2, and when & > ||v1||[N 71,

‘J’i\z’ﬁnﬁ-l/? S

Tit1 83 n+1/2 S,y Tit1 63 n+1/2 s,y

C 5/ 7‘d —&—hwb/ 7‘&9
Tj—1 a 3 Ti—1 3

for i = N/2, and when € > ||v1||[N ™1,

(4.35)
and
T2 i/

S (s )
< L A7 d
<|ce /z o ds

o [ (TP ) 0 )

0s3 0s2 Os

for 1 <i < N/2, and when ¢ < |jvy||[ N7 . (4.36)
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(ii) For N/2<i< N —1, ‘J' Fnt1/2 satisfies that

Tit1 64 n+1/2 s Tit1
5/ 7@; ‘d +/
XTi—1 x

dst
Similarly, TY 1/ satisfies the bounds as stated in (4.35)-(4.37).

N
Tzi /2

0s3

(4.37)

Next, we furnish a brief outline to derive the required estimate of the truncation
error TN —nt1/2- For detailed derivation, we refer to the proof of [ [31], Lemma 10].

At ﬁrst we obtain the following estimates of ‘J’ Snt1/2 and ‘I Fnt1/2 by applying
Lemmas 4.3 and 4.6.

(i) Let 1 <i< N/2.
(a) When € > [jv1||[N~!, we have

TN el < C{H1 + H2e 2 exp(—m (1 — x,»)/s)},
TN geera] < C[HEe™ exp(-m (1 - ;) /2)|.
(b) When € < ||v1||[N~1, we have
|7£7;;n+1/2| < C{5Hl + HE + exp(—mi (1 - $i+1)/5)},
T2 szl < C[HT exp(-mi(L = 2i41)/2)|.

(i) Let i = N/2.
(a) When € > [jv1||[N ™!, we have

(TN gesra] < C[Hy + HE + exp(-m (1 - ) /2)],
TN gesra] < CleVexp(-m (1 - 2)/2)|.
(b)) When ¢ < ||v1||N~1, we have
|‘J' n+1/2| <C’[5H1 + H? 4 exp(—my (1 — z441)/€)
+ Hye b exp(—my (1 — :z:i)/s)],
(TN gers SC[e 7 exp(-m(1 = z:)/2)].
(iii) Let N/2 <i < N — 1. We have
T el < C[hQ +R2e % exp(—mi (1 — xi)/g)},

[T guvssal < C[B2e™ exp(-mi (1 - w)/e)]
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Thus, invoking the above estimates of TV - and TV _
’ @y, prtl/2 Ti,qg

n

41,2 in the decomposition

of ‘J'iv_jww given in (4.34), one can deduce that
C H12 + e texp(—m (1 — xl)/s)} :
for 1 <i < N/2, and when € > |jv;|N 1,

CleH, + H2 + e exp(—my (1 — xi)/g)} :

for i = N/2, and when ¢ > |Jv1||[N 1,
<

N
(‘T:Ei 1’,:n+1/2

CleH, + H} + H  exp(—my (1 — xi+1)/5):|7
for 1 <i < N/2, and when € < |Ju1||[N ™1,
C _sHl + H? + e texp(—m (1 — xi+1)/€)j|,

for i = N/2, and when ¢ < |Jv1||[ N1,

C_h% + h3e 3 exp(—m; (1 — xz)/s)}, for N/2 <i< N —1,

and henceforth, the estimate of U'i\]?t 11/ follows immediately from (4.33).
We now pursue the error analysis at the first half by considering two parts. We
assume that Ay <my/2 and let y; € @flv.

Part-I: When ¢ > |jv;|N~!, for sufficiently large C, we consider the following
discrete function:

Ari(0) = C[H3 (8e, + K, 2,) + Ors()], for0<i < N.

Here,
Lﬂ fOrOﬁiSN/Z
Hwi:: (14‘&%) and jcKlﬂn:: 1 —-E{l
L, for N/2 <i < N.
It follows that
vn+1
- for 1 <i< N/2
17K1’ — b
N,At nil
Ly Kk, 0, > § 26N + 07 N 138
1, Ki,x; = #’ for i — N/Q, ( )
2(1 -Ky)
0, for N/2<i< N —1.

Then, the inequalities (4.28), (4.38) and Lemma 4.5 imply that

Lf,,éAtﬂu()\l) > |75’At |, for1<i<N-—1.

S ant1/2
Thus, invoking Lemma 4.1 for z; € Giv, and the inequality (4.29), we have

U2 a2 (g, 5| < C[N*2 + N*%KLO}, for0<i<N/2.  (4.39)
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When ¢ < ||v|N~?, for sufficiently large C, we consider the following discrete
function:

C[(EHl+H12)37;i+@1,i+1()\1)}, fOrOSiSN/2,
Bii(A) =
c[(ng +H2), + (1 + Alhlg—l)@l,i(xl)}, for N/2 <i < N.

Since the assumption (4.6) yields mjh; /e < 2, the inequality (4.28) and Lemma 4.5
imply that
LY By () > [TVA L], for 1<i <N -1,

§ant1/2

and henceforth, by making use of Lemma 4.1 for z; € éf, and the inequality (4.29),
we have

|2 — a2 ()] < c[(g +N-HNL N”LKLO}, for 0 < i < N/2.
(4.40)

Part-II: For sufficiently large C, we consider the following discrete function:

Cri(M) = c[(N*’Z + N~ NKioyg h?ﬂ@l,i(Al)}, for N/2 <i < N.
Then, arguing similarly for z; € [1 — Ky, 1] majf, we get

[0 = a2 )] < €1500) < C(RE N2 N N7 ),
for N/2+1<i<N. (4.41)

Therefore, by combining (4.39), (4.40) and (4.41), we obtain the following estimate
at (n+ 4)™ time level.

Lemma 4.7. Let y; € fo. If A1 < my/2, the error associated with the discrete
problem (4.30) at (n+ 1/2)" time level satisfies the following estimate:

|ﬁ:j_1/2 B 'ﬁn+1/2(xi’yj)|
C((N—l F i) N+ N—MKw), for z; € [0,1 — K4] NG,

< (4.42)

N

xT

C(K%ON,Q 1n2N + N*)\lKl,O)’ for T; € (1 — ]Klv 1} NG

where
g, whene < |u||[N7L,
X1l,e =
0, whene > |jvg|[N71.

Next, we proceeds to estimate the error |(72”j+1 — ﬂ"+1(xi,yj)|. Here, for the
discrete problem (4.30), the local truncation error at the second half is defined as

N.At
yj,untt

= Lo (U5 = (i, )]
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1/2 ~
UTZ;’_ / n+1/2 ('Ti7 y]) + At [Lg,tlun+l(xi7 y]) Lg—}_\/}mcd n+1(xi7 y]):| )

for 1 < j < N/2, when € > |[vo]|[ N1,

n+1 2 wn n+1/2 an
3 (U i’ / +1/2(y ,yﬂ) + 3 (Uljrl/ +1/2(xi’yj_1))
e +At |:(Ln+1~n+l)l i—1/2 — ng\/'l,mup n+1(x“ yj)

for 1 < j < N/2, when ¢ < |lvg||[N71,

fnt1/2 _ H”“/Q(xi,yj) N [Lgfgl’ﬁ"“(xi,yj) _ Lg}l’mcdszrl(xi,yj)},

2¥)

for N/2 < j < N -1,

/2 ~ng1)2
Upy 17—

$i7yj)7
for 1 < j < N/2, when ¢ > ||v2|| N1,

%(U"H/Q ”+1/2($U¢,yj)>

2Y)

= AT i + (4.43)

+2<Un+1/2 "“/2(%,%_1)),

0

for 1 < j < N/2, when ¢ < |lvg||[N71,

Ut WY (xy,y;), for N/2<j< N -—1.

0.
Here,
(Lot a" ) (@i, yy) = Lo N ea™ (20, 95)
for 1 <j < N/2, and when € > |lva||[ N1,
N
‘ij,?“rl = (Ln+1 wt )l] 1/2 — ng\/'l,mup ’ﬂ+1(x“y])

for 1 <j < N/2, and when € < |juz||N71,

(Lot a" ) (@i, y5) = Ly Noneat" (2i,95),  for N/2<j< N -1.

Therefore, ‘J',N P denotes the truncation error corresponding to the stationary sin-
gularly perturbed problem, and and is obtained by approximating the differential
operator Ly . with respect to the spatial variable-y using the proposed finite differ-
ence scheme. Since #"! can be decomposed into "' and §"*! as mentioned in
Lemma 4.3, we rewrite ‘J' | gn+1, @S

Té\;’gr’,+1 = Ty gt +’Y2‘I qn+1
Now, for fixed z € (0,1), by making use of the Taylor’s theorem on the functions
" (2, y), " (x,y); and considering the remainder term in the integral form, we
obtain the following result.
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Lemma 4.8. (i) For 1 <j < N/2, ‘J' s+ satisfies that

Yi+1 a4~n+1 Yi+1
ch, [ / 7“’& [
Yj—

4
j—1 83 Yj—1

for 1 < j < N/2, and when € > |lva||[ N 71,

*p"t(z, 3)
0353 ‘d ]

TN | <
Vi1 | Pt 5 Yit1 93t (2, 3
Ce/ Wd§+hyj/ p7~3(z’8)d5>
Yio1 0s Yj—1 95
for j = N/2, and when & > |Jvg||[N 71,
(4.44)
and
N
Tyj7;7L+l

Yitt 93p" L (x, 3)
<l / e
+chy, /yyj <‘83p";;3(x,§)‘+‘82?71;‘;@,5)‘+‘8?n+;§x,§)‘)d~]’

45

for 1 < j < N/2, and when € < [jvg||[N 1. (4.45)
(ii) For N/2 < j < N —1, ‘I sn+1 satisfies that

/y.7+1 84?L+1($’§)‘d~+/y7+1
—as
Yji—

<
Oh j—1 951 Yj—1

N
’T n+1

0353

Bpti(x, 3 ‘d]

(4.46)
Similarly, T, " -, satisfies the bounds as stated in (4.44)-(4.46).

Afterwaurds7 by making use of Lemmas 4.3 and 4.8; and arguing analogously to
the (n + 1) time level, we deduce that

C[H3 + =" exp(—my(1 - y;)/2)|,

for 1 < j < N/2, and when € > ||vz||[N 71,
C|:5H2 + H3 + e texp(-—my(1 — yj)/g)},
for j = N/2, and when & > |Jvg||[N 71,
rIN~n < -
| yiount ‘ o C eHs +H22 —|—H2_1 exp(—mg(l - yj+1)/6)},
for 1 < j < N/2, and when € < ||vz||[N 71,
CleHs + HZ + e exp(—ma(1 — yﬁl)/s)},

for j = N/2, and when ¢ < ||va|| N1,

C[h2 4+ h2e3 exp(—ma(1 — yj)/e)}, for N/2 <j <N — 1.
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Now, invoking the above estimate of 71],\][- —ni1 D (4.43), we get the following bounds

of the local truncation error for the (n 4 1) time level. For 1 < j < N/2 and when
€ > |lva]|[ N1, we have

0((N—1 oy N7+ N—MKLo) for 1 <i < N/2,
+

N.At
Tyj st

N
< AL|TY e

C(KiON—anQ N + N—MKLO), for N/2 <i <N,
OV + 0 8+ N)

+OAE [Hg + e Lexp(—ma(1 — y;) /5)}, for 1 < i< NJ2,

IN

C(K3 N2 In? N + N~ )

+CAt [HQQ + e Lexp(—ma(1 — yj)/e)}, for N/2 <i < N.
Similarly, for j = N/2 and when € > |lvs||[N 71,
C((N7H 4y )N 14 Nl

N AL +CAt [6H2 + HZ + e texp(—ma(1 — yj+1)/s)}, for 1 <i < N/2,
y].)”i7z+1

C(K3 N2 In? N + NN

+CAt [EHQ + H2 + e texp(—ma(1 — yj+1)/s)}, for N/2 <i < N.
Next, for 1 < j < N/2 and when € < ||vg||[N ™!, we have

C((N*1 +x1,e) N1+ N*AIKLO), for 1 <i < N/2,
|TZ,’§$+1| S At ‘Té\]/.”in«#1 +

C(KiON*Q In® N + N*AIKL“), for N/2 <i <N,

C((N—1 +Xx1,e) N7+ N—MKLO)

+OAL [5H2 + H2 + Hy ' exp(—my(1 — y;41) /5)}, for 1 < i< NJ2,

IN

C(K3 N2 1n? N 4 N-Nao)

+OAL [EHQ +H2 + Hy ' exp(—my(1 — y;41) /5)}, for N/2 <i < N.
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Similarly, for j = N/2 and when ¢ < |Jva||[ N1,
C((N—1 + X1, ) N7+ N—MKLO)

VA +CAt [EHQ + HZ + e texp(—ma(1 — yj+1)/5)}, for 1 <i < N/2,
|‘Ty.’~7f+1
U

| <
C (KiON—2 In® N + N‘MKW)

+CAt [EHg + HZ + e texp(—ma(1 — yj+1)/5)}, for N/2 <i < N.
Finally, for N/2 < j < N, we have

C((N*l F oy )N+ N*AIKLO), for 1 <i < N/2,

N,At N
|Tyj )Zn+1| S At ’Tyj ”En#»l +

C (K3 N2 N + N-NF10), for N/2 <i < N,
C((N—l +X1,€)N_1 + N—)qKLo)

+CAt {h% + h3e 3 exp(—ma(1 — yj)/e)}, for 1 <i < N/2,

IA

C (K3 (N N + N~Ai¥o)

FOAL [hg + h3e3 exp(—ma(1 — ) /5)}, for N/2 <i < N.
In the following, we consider two parts: z; € [0, 17K1]ﬁ§§ and z; € (1-Kq, 1]ﬂ§iv.
Part-I: Here, we consider two subparts.

(a) When € > |Jvg||[N~1, for sufficiently large C, we consider the following discrete
function

Az j(A2)
:c[((N‘1 +x1 )N NTAELYg 2, @Zj(xz)}, for 0 < j < N.
Then, Lemma 4.5, and the inequality (4.28) yield that
LY A (o) > (T80, for 1<j <N -1,
Thus, invoking Lemma 4.1 for y; € @;V , and the inequality (4.29), we have
U =@ ()]
gc[(N—1 +x1.)N~L 4 N72 4 N~MKuo 4 N—AQKZ‘O}, for 0 < j < N/2.

When ¢ < ||vg]|[ N1, for sufficiently large C, we consider the following discrete
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function
ClN"1 4 x1 )N 4 N-NFanyg,,

+(8H2 + HQQ)EJy] + @27j+1(/\2):|, for 0 S] S N/Q,
Ba,j(A2) =
ClN" 4+ X1 )N 4 N-NFanyg,,

+(eHy + H2)3,, + (1 + Aghgsfl)eg,j«(Az)}, for N/2 < j < N.

Again, by making use of Lemma 4.1 for y; € G , the inequalities (4.29) and
mohs /e < 2, we deduce for 0 < j < N/2 that

‘(7;;&-1 _ fﬁn+1($i’yj)|

gc[u\r1 + X1.e)N~L 4 eHy + H2 + N~2K10 4 @Q,N/Q(AQ)}

<O((N" 4 xu )N (e NTHNTL g N-hKno g N -haka),
(b) For sufficiently large C, we consider the following discrete function
C2,j(A2) =C [((N*1 + X1, )N N Mo N=hkao)g, oy h§€72®2,j(>\2)} 7
N/2<j<N,

and arguing similarly for y; € [1 — Ky, 1] G ;V , we have

’UnJrl n+1 x“yj)‘

<OV 4 X1 )N T+ KN 2 In® N N7 4 Nk |

N/2+1<j<N.

Part-II: As like the previous part, one can suitably choose A j(A2), for 0 < j <
N, and when & > ||v2|[ N7, Bo j(X2), for 0 < j < N, and when £ < |luz||[N71,
C2,j(A2), for N/2 < j < N, and arguing similar way as in the previous case, one
can obtain the desired result. Therefore, from the above derivations, we deduce the
following estimate at (n + 1)** time level.

Lemma 4.9. If \; <my/2, | = 1,2, the error associated with the discrete problem
(4.80) at (n + 1)t time level satisfies the following estimate:

U5 =@ (i, y5))|
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O((V1 4 X0 )N + (N1 4 xg )N N=AEvo 4 Nk ),
for (w1,y;) € ([0, 1- K] m@f) x ([0, 1- Ky méf),
C’((N*l +x1,0) N1+ K3 (N=21n N 4+ N~ MKio 4 N*’\2K2’0),

for (w1,1;) € ([0,17K1} majj) X ((1 ~ Ko, 1] majf),

<

C((N1 4 X2 )N+ KE N 2 In? N o N oo 4 N-Aakzo ),

for (z4,y;) € ((1—K1,1]m6;v) x ([0,1—1&2} méff),

c((K{O +K3)N~2In® N 4 N~MKio 4 N‘A2K2v°),

for (xi,yj) € ((1 - Ky, 1] ﬂ@iv) X ((1 — Ko, 1] ﬂ@iv),

where
e, whene < ||v||[N7! g, whene < |jvg[|[ N7t
X1l,e = and X2, =

0, whene > |lv||[N71, 0, whene > |lvgf|[ N7L.

Corollary 4.1. Lemma 4.9 implies that for fived K; o > 2/N;, 1 = 1,2, and for
some constant C

C(N_l + Xl,E)N_l + C(N_l + XQ,S)N_la
Ut = (i, y5)| < S for (2,;) € ([0, 1-Kix[0,1— Kﬂ) neV, (447

CN—2In> N, otherwise.

4.2.2. Uniform convergence of the fully discrete scheme

We define E"(z;,y;) = [UZ”J"’1 — w(x,Yj, tnt1)], for (z;,y;) € GV, as the global
error related to the fully discrete scheme (4.1) at the time level ¢,,11. Now, to show
the e-uniform convergence of the fully discrete scheme (4.1), we rewrite the global

error in the following form:
B gy y) = & (i) + B e y) + (U7 = O (4.48)

Here, "1 (z;,y;) = [@" (i, y5) — (i, yj,tasr)] and B (ay,y;) = (U7 -
w1 (x;,y;)], respectively, denote the local error related to the time semidiscrete
scheme and the spatial discretization of the auxiliary problem (3.4) at the time
level ¢,,+1. The term [Uznj'H - (71”;“] can be written as the solution of the following
systems:

Rn—‘rl(xivyj) = O? (xuy_}) € aGN7



Higher-order uniform convergence 1251

where R""Y(z;,y;) = [Ul"j'1 — (NII"JH], and by employing the discrete maximum
principle in Lemma 4.1, we obtain that

H{R"H(%le)} ‘ < H{En(ﬂ%yj)}
Afterwards, from (4.48) and (4.49), we obtain that

“{EnJrl(xi,yj)}, SH{?LH(Q%?JJ‘)},

4] (2]

[+ c(an?, (4.49)

.5 ,J

)

" (4.50)
H{Er @}, [+ e o @ ea”.

i,J

Now, by invoking the estimate obtained in Lemma 3.3 and the estimate (4.47) in
(4.50), with the assumption that N~ < CAt, 0 < 0 < 1, we obtain the following
estimate of the global error.

Theorem 4.1 (Global error). Assume that the conditions given in (4.6) hold for
N > Ny. Then, if Ny <m/2, Kjo > 2/N, | =1,2, the global error associated with
the fully discrete scheme (4.1) at time level t,41, satisfies the following estimate:

H{U;};‘l}ij - {u(xivijtn-i-l)}ij ’

C(N_2+e + XI,EN_1+0 + XZ,EN_1+9 + At)>

< for (zs,y;) € ([0,1 Ky % [0,1 —K2]) ng", (4.51)
C’(N_Q"’e In? N + At), for otherwise,

where N and At are such that N~° < CAt with 0 < 0 < 1.
Remark 4.1. The error estimate (4.51) implies that the global error takes the form

O(N~*1%) + 0(At),
Uﬁfl — u(xi, Y, tht1) = S for (xi,y,) € ([0, 1-Ky] x[0,1 —Kg]) ﬂ@N, (4.52)
O(N—2t%1n® N) + O(At), for otherwise,

not only for & < ||v;|| N ~! but also for e > ||v;||N =1, I = 1,2. Note that the temporal
accuracy in (4.52) holds under the alternative boundary data given in (3.3).

Remark 4.2. It is important to note that two-step discretization analysis fol-
lowed in [6] can not be extended to achieve higher-order spatial accuracy using
the proposed finite difference scheme, and consequently, the theoretical restriction
N=% < CAt,0 < 0 < 1 persists in Theorem 4.1 according to the present error
analysis. However, it is worth mentioning that the same theoretical restriction does
not appear in the numerical results of the proposed numerical method.
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5. Error analysis for temporal Richardson extrapo-
lation

In this section, we analyze the Richardson extrapolation in the time variable in
order to improve the order of uniform convergence in the temporal direction es-
tablished in Theorem 3.1 so that the proposed algorithm can produce higher-order
accurate numerical solution at low computational cost. On the domain [0,7T], we

construct a fine mesh, denoted by A2/? = {?n }721]\:/[0, by bisecting each mesh interval
of A2t So, t, 11 —t, = T/2M = At/2 is the step-size. Let UMt (2, y;,t,11) and
UNAY2 (2, yi,tas1) be the respective solutions of the fully discrete problem (4.1)
on the mesh G x A2 and G x AA/2, Then, from (4.52), on &V x At we have

<2UN’At/2($iayj,tn+1) - UN’At(xmyj»th)) — u(2s,Yj, tnt1)
= o(At) + O(N~2+9)

_ O(At)k + O(N_2+e)7 (-T'hyj) c ([071 — KI] X [07 1-— KQ]) ﬂ@N,
(5.1)

<2UN7At/2 (':Eia Y, tn-‘rl) - UN’At (m’ia Yjs t7L+1)> - u(ﬁ%, Yis tn+1)

= o(At) + O(N~2+91n? N)

= O(At)" + O(N~2%1n® N), otherwise, for some k>1.

Remark 5.1. We set <2UN’At/2(xi,yj,tn+1) - UN’At(xi,yj,th)) as the extrap-

olation formula so that the time accuracy can be improved from O(At) to O(At)?,
which requires a proof to establish. However, it is clear from (5.1) that the spa-
tial accuracy remains unchanged due to the Richardson extrapolation only in time
variable.

Now, let u®t(z,y,tpy1) and u®t/2(x,y,1,41) be the respective solutions of the

time-semidiscrete problem (3.1) on the mesh G x A% and G x A®*/2] such that
uAt(xiayjat’n+1) ~ UN’At(xi7yj7tn+1) and uAt/Q(xiayjatn+1) ~ UN,At/2<xi7yja

tny1), (24,95) € G". From Theorem 3.1, we have
u(l‘i, yj7 tn+1) - (QuAt (-rlﬁ y]a tn+1) - uAt(mia yj7 tn+1))

—O(ADF, k> 1, (25, yj, tnp1) €G x AP, (5.2)

which shows that the term O(At)* appeared in (5.1) is due to the time-semidiscrete
approximation. Hence, we define the temporal extrapolation formula associated
with the time-semidiscrete problem 3.1 by

ueA:vgp(xa Y, thrl) = (2uAt/2(xa Y, tn+1) - uAt<xa Y, tn+1)) ’ ($, Y, tn+1) €Gx /\At,
(5.3)
Thus, to determine the exact value of k for O(At)* in (5.2), we focus on analyzing

the error (u — ueAwip) corresponding to the semidiscrete problem 3.1. Utilizing the
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global error in Theorem 3.1, one can show that when At — 0, the following relation
holds for the global error of the time semidiscrete scheme (3.1):

uAt (xa Y, tn-‘rl) = u(a:, Y, tn-‘rl) + At?(l‘, Y, tn-‘rl) + R(J}, Y, tn+1)7 (54)

where P is a certain smooth function defined on G x A®* and independent of At ; R
is the remainder term defined on G x A**. We begin by assuming that the expansion
(5.4) is valid. We substitute u«*(z,v,%,41) in (3.1) and obtain that

u(,y,0) + AtP(z,y,0) + R(z,y,0) = qo(z,y), (2,9) €G,
(T4 At [(I + AT (@, y, tgr) + AP, 4, tns1) + R(2, Y, tag)
—Atg(z,y, tn+1):|

=u(z,y,tn) + AtP(z,y, tn) + R(z,y, tn) + Aty (2, Y, tnt1), 1nG,

u<x7yatn+1) + At?(x’:%tn-‘rl) + R(%y, tn+1) = S(x,yﬂfnﬂ),

(z,y) €06 x A® n=0,1,...,M — 1.

(5.5)
By following the approach in [16] to the problem (5.5), we get the function P(z,y,t)
is the solution of the following IBVP:

o 10%u(z,y,t
(& + LE)T(x7y7t) = 5% + Ll,aﬂQ(x7y7t) - LI,ELQ,Eu(x7y7t)a
(x,y,t) €D,

T(CIL‘,%O) =0, (l‘,y) €G,

P(z,y,t) =0, in 0G x (0,T].

10%u(x, y,t
Since 5%
the sufficient continuity and compatibility conditions, one can derive that

|P(z,y,t)|]lg < C. Due to the extrapolation in the time direction, we only need
to know the derivative bound of the solution P with respect to time. To establish
the bounds of the derivatives up to second order in time in Lemma 5.1, we require

P(z,y,t) € CHH7(D).
Lemma 5.1. The function P(z,y,t) solution of (5.6) satisfies the bounds

" P(x,y,t)
— T < e .
‘ o ’ <C, k=0,1,2

Proof. We decompose the solution P(x,y,t) such that

+L1 cg2(x, y,t) — L1 Lo cu(z, y, t) is e-uniformly bounded, under

:P(x7 y’ t) = (I)($7 y’ t) + E(x’y7 t)? (]"7y’ t) e B’

where ® is the regular component and = is the singular component. Again, we
consider the decomposition

E(l‘,y,t) = El(xa yat) + EQ(x’y7t) + Ell(x7 y?t)’ (xay7t) € ﬁa



1254 N. S. Yadav & K. Mukherjee

where =1, Zy are the exponential layers near the sides z = 1 and y = 1 of G,
respectively; and Zq; is the corner layer near the point (1,1). Following the approach
given in [9], one can obtain desired derivative bound of P with respect to time. [

Lemma 5.2. The remainder term R(xz,y,t) given in (5.4), satisfies the bound
| R(z,y,tn)| < C(AL)?, 0 <n < M. (5.7)
Proof. From the equation (5.5), we get
R(z,y,0) =0, (z,y) €G,
u(:l?, Y, tn+1) + At?(l’, Y, tn+1) + AtL?'Hu(x, Y, tn+1) + (At>2L?+1T($7 Y, thrl)
+(T+ AP (T + AL R(2, s tgr)
= u(a}, Y, tn) + At?(.’t, Y, tn) + R(J}, Y, tn) + Atﬂ<x7 Y, tn+1)
+(At)2L¥,ilﬂ2 (.73, Y, tn+1) - (At)2L7fi__ng;1 u(xv Y, tn-‘rl)

_(At)BL;li:ng,—gl?(x’ Y, tn+1)>

R(z,y,tns1) =0, (2,9,tn41) € OG x AAL.

(5.8)
Using (1.1) and the Taylor-series expansion of the function u with respect to time
variable t, we have

w(z,y,tn)

au(537y,tn+1) A7t282u($ayatn+1)

— 3
_u(xayatn-‘rl) — At ot 2 o2 +O(At )7
(I + AtL?+1)u(x7yatn+l)
At2 azu(xayatn—O—l) 3
=u(z,y,tn) + Atg(z,y, tni1) — —————F5—— + O(At”),

2 ot?

which implies that by employing the time-semidiscrete scheme (3.1)
(I + AtL?+1) (un+1(m7 y) - ll(.I‘, Y, tTL-‘rl))
:un (.’II, y) - u(x, Y, tn) + AtQL?,ngﬂQ (.’II, Y, tn-‘rl) (59)

2 92
_ AtQL?’ngnglunJrl (amy) + At= 0 u(xvyatn+1)

5 5 +0(A%).

Again, using (5.6) and the Taylor-series expansion of the function P with respect
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to time variable ¢, we have
Pz, y,tn)

OP(x,y,tys1) | AL P2,y tni1)

:T(xvyatn—O—l) - At (9t 2 8t2

+0(At?),
(I + AtLg+1)j)(x7 Y, tn+1)

At? 9*P(x,y, tni1) 3
_T(mvyatn) - 7 atQ — + O(At )
19%u(z, y, tns1)

+ At 5 92

+ L?;lﬂQ (l’, Y, tn+1) - L?,ngLg,—glu(% Y, tn+1) ’
which implies that
(I+ AT+ ALY P(2, g, tngr)

Aitz O*P(x,y,tni1)

:T(xvyvtn) - ) o2

+0(At?)

(5.10)
+ At lazu(xv Y, tn+1)

2 ot? + L?’tlgz (:17, Y, t""’l) o L?j;ll'_.g’i_lu(z’ Y, tn+1)

+ ALY LT P2, y, tha).

Thus, utilizing (5.8), (5.9), and (5.10), the remainder term in (5.4) satisfies the
following IBVP:

R(z,y,0) =0, (x,y) €G,
(T+ AL (T + AL Rz, s tngr) = R(z,y,t0) + O(AL)?, (2,9) €6,

:R(xvyatn—&-l) = 07 (‘T,yatn+1) € 9G x AAt'

(5.11)
Finally, using the above relation recursively and by invoking the stability in Lemma
3.2, we obtain the desired bound of the remainder term. O]

Theorem 5.1. Let uAt(x,y,th) and uAt/2(a:,y,%vn+1) be the respective solutions
of the time-semidiscrete problem (3.1) on the mesh G x A and G x A2Y2; and
let u(x,y,t,11) be the exact solution of the IBVP (1.1)-(1.2) on the mesh G x A2t

Then the error due to the temporal extrapolation uéttp(x,y,tnﬂ) defined by (5.3)

satisfies that |ull (z,y,tny1) — w(z, y, tng1)| < C(AL)2, (2,y,tns1) € G x ABL
Proof. From (5.4) and (5.7), we have

=N
u($7y7tn+1) = uAt(xa y7tn+1) - At?(xa y7tn+1) + O(At)zv (x7yatn+1) €G X AAt'

Similarly, we have

ll(l', Y, tn-i-l)
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:uAt/Q(xv y7’tvn+1) - (At/2)T($, yv%anrl) + O(At)Qv (1’, y7?n+1) € EN X AAt/2'

Now, using the above two expressions, we obtain the desired result. O

6. Numerical experiments

In this section, we present the numerical results obtained using the proposed algo-
rithm for two test examples of the form (1.1)-(1.2). In the numerical experiments,
the reaction term is decomposed in the form bq(z,y,t) = bo(x,y,t) = b(z,y,1t)/2;
and the right-hand side is decomposed in the form g(z, y,t) = g1(x, y,t) + g2 (z, y, t),
where go(z,y,t) = g(2,0,t) + y(g(z, 1,1) — g(x,0,1), gz, y.t) = gl y.t) -
g2(z,y,t). We refer [6] for a detailed discussion aobut this decomposition and other
types of decomposition. To show that the theoretical findings match very well with
the computational results, we choose K; g = Ky ¢ = 4.2, and implement the Thomas
algorithm to solve the tridiagonal linear systems resulting from our methods. The
numerical results are also compared with the implicit upwind method [6].

6.1. Test examples

Example 6.1. Consider the following parabolic IBVP:

Ou Ou Ou 9 B .
a—sAu—i—%—i—a—y—i—(l—{—t xy)u = g(z,y,t), inG x (0,1],
u(r,9,0) =0, inG, (6.1)

w(x,y,t) = (e ' —=1)(1+2)y, (x,9,t) € G x (0,1],

where g(z,y,t) = [1+rt2zy|[®(x)P(y) — (1 +z)y] + rma[®(x) + @(y)] —r(1+ 2+ y)
and ®(z) = my + maz + exp(—(1 — 2)/e), m1 = —exp(—1/¢e), ma = =1 — my and

r=1—et

<
S
<SS

SsS
S
sSERRERRR
e S ISt eRet iy
SRS 02
SURNNNEES
SIS

(a) e =276 (b) e =271

Figure 2. Graphs of numerical solution for Example 6.1 N =64, M =32 at t = 1.

In Fig 2, we draw surface plot of numerical solution for Example 6.1 and it
shows that the solution generates boundary layers closer to the outflow boundaries
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x =1and y = 1. As we are not acquainted with the exact solution of Example 6.1,
we calculate the maximum point-wise errors eY*2* corresponding to the proposed
numerical method before and after extrapolation, respectively by

N, At Y2N,At/2
max max max ‘U (@i yj,tn) = U /(xi7yj,tn),
0<i<N 0<j<N 0<n<M

and
~ON,At/2
i /

N, At
max max Imax |Uextp (@i, yj,tn) — cxtp (a:i,yj,t")|,

0<i<N 0<j<N 0<n<M

and the corresponding orders of convergence are calculated by ?év At

/e\éV,At
log, (@W) .

Here, U2N7At/2(xi,yj,tn) and ﬁfgﬁtm(xi,yj,tn), respectively denote the nu-
merical solution and the extrapolated numerical solution obtained at (x;,y;,t,) €
D2NAL/2 — G2N o AAL/2 where At/2 = T/2M, and G2V is a piecewise-uniform
Shishkin mesh with 2N mesh-intervals in both the z- and y-directions and having
the same transition parameter n;, [ = 1,2, as that of G" such that the (ith,jth)
point of ¢" becomes (2ith, 2jth) point of G2V, for 4, = 0,1,... N. Finally, for each

N and At, we compute the quantities eVt and 72! analogously to e¥'*! and

FNAL

Furthermore, we compute the local errors for the first example. Because, we
do not know the exact solution, to approximate U ’At(xi,yj,tn) we use one step
of the fully discrete scheme given in (4.1) and we replace the numerical solution
UNAY(2;,y;,tn—1) by the numerical solution obtained on the finest mesh, which
is a sufficiently good approximation to u(z;,y;,tn—1). Finally, the local errors are
computed by

_N,At
e

loc — . max max Imax |(~]N’At($iayj,tn)—u2048,1024($i,yj7tn)\,

0<i<M 0<;<M 0<n<M

where UN-At(z; y;,t,) is solution of the discrete problem (4.30)-(4.32) and the
log(e, 2 Jen A1)

corresponding local order of convergence computed by AL locl 2l"c .
og

loc
Note that the corresponding orders of consistency are given by ?;Z;At —1.

Example 6.2. Consider the following parabolic IBVP:

Ou Ou Ou .
i eAu+ (1 4+ xt(1 — xt))% +(14+y(1- y))a—y = g(z,y,t), in G x (0, 1],

u(‘rvyvo) = QO(%?J); in G7

u(z,y,t) = s(x,y,t), indG x (0,7,

where g,qo, s are such that the exact solution is

1 —exp(=(1 —x)/e)
1 —exp(—1/e)

(SO ) ]

u(z,y,t) =exp(—t) [( - cos(%m))
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Figure 3. Graphs of numerical solution for Example 6.2 N =64, M =32 at ¢t = 1.

In Fig 3, we draw surface plot of numerical solution for Example 6.2 and it shows
that the solution generates boundary layers closer to the outflow boundaries z = 1
and y = 1. Global errors are displayed to demonstrate the uniform convergence
of the method. For each e, we calculate the maximum point-wise errors eX:A¢
corresponding to the proposed numerical method before and after extrapolation,

respectively by
max max max |UNA(z; Yj,tn) — u(xs, yj,t
0<i<N 0<j<N OSnSM{ ( e n) ( Vi n)|7

and

N,At
orgnzaév Og;aéXN ogrl%XM |Uemtp (xj’ ij tn) - lL((Ei, ij tn) ’7

N,At
1>

N,At

e N,At .

log, <621::[7M/2) . Here, UNAt(z;, y;,t,) and Uextp (Tiyyj,tn), respectively denote
€

and the corresponding orders of convergence are calculated by r

the numerical solutions of the proposed method (4.1) obtained at (z;,y;,tn) €
pV At Further, for each N and At, we calculate the e-uniform maximum point-

wise error and the corresponding e-uniform order of convergence, respectively by

A A A o N,At
NAt _ N,At N.At _
e = maxe, and 7 = log, (62N’At/2) .

We also compute the local errors in time to illustrate the numerical behavior of the
method. The local errors at the mesh points are computed by

N,At
eloc = max max max

|(7N,At
0<i<M 0<j<M 0<n<M

($i7yj,tn) - u(xiayjat’n”a

where ﬁN’At(xi,yj,tn) is solution of the discrete problem (4.30)-(4.32) and the

N,At ; N,At/2
N,At — log(eloc /eloc / )

loc In2

Note that the corresponding orders of consistency are given by rl]Z’CM —1.

corresponding local order of convergence computed by 7
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6.2. Numerical results and observations

We choose all the values of ¢ from S, = {2°,272 ... ,2729} for computation of
e-uniform errors. For different values of ¢, N and At, we compare the e-uniform
errors computed using the proposed method (4.1) (together with alternative and
natural boundary data), and the classical upwind scheme [6] (along with alternative
boundary data) in Tables 1 and 2, without the temporal extrapolation, respectively
for Examples 6.1 and 6.2. For the sake of clarity, the computed e-uniform errors in
Tables 1 and 2 are depicted in Figs 6 and 7, respectively for Examples 6.1 and 6.2.
This represents the e-uniform convergence of the proposed method (4.1) for both
the choice of boundary conditions. Moreover, it shows that proposed method (4.1)
furnishes better e-uniform numerical result in comparison with classical upwind
scheme [6]; reflecting the robustness of the proposed method (4.1).

Furthermore, Tables 1 and 2 reflect that the e-uniform errors of the proposed
method (4.1) with alternative boundary conditions (3.3) are smaller than the e-
uniform errors with natural boundary conditions (3.2). To complement this ob-
servation, surface plots of the error corresponding to the Examples 6.1 and 6.2
computed at t = 1 are also depicted in Figs 4 and 5 for N = 256 and At = % with
natural and alternative boundary conditions, respectively.

error

(c) (d)

Figure 4. Graphs of error |[UYV'At — U2N:A/2| corresponding to Example 6.1 for ¢ = 27¢ using (a)

natural b.c (b) alternative b.c and for ¢ = 27'* using (c) natural b.c (d) alternative b.c at t = 1
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(a) (b)

(c) (d)

Figure 5. Graphs of error [UY'2t — 4| corresponding to Example 6.2 for ¢ = 276 using (a) natural b.c

(b) alternative b.c and for e = 27'* using (c) natural b.c (d) alternative b.c at t = 1

. ~N,At _N,At
Next, we compute the numerical local errors e; ’ ’

low  >€lon  corresponding to the
two choices of the boundary data. For this purpose, we fix NV = 512 for Example
6.1; and to reduce the influence of the spatial error, we increase the discretization
parameter from N = 512 to N = 2048 for Example 6.2. To keep the paper from
becoming too long, we display the numerical results only for ¢ = 273,276 from
which the differences between the two evaluations of the boundary conditions can
be easily noticed.

From Tables 3 and 4, we observe that when the alternative boundary data is
chosen, the local errors Eﬁ’f‘t are significantly reduced; and the numerical order
of consistency (i.e.,(?l]Z’cAt — 1)) for Example 6.1 is one, whereas for the classical
evaluation the numerical order of consistency is near to zero. Similar observa-

. . N,A . .
tions with respect to the local errors e, " and the numerical order of consistency

(i.e.,(rl]::’cm — 1)) can be made from Tables 6 and 5 for Example 6.2, in particular
when N = 2048 is chosen. This indicates that if we increase N further, local order
of convergence rl]X(’:At will improve gradually as the theory predicts. Theses obser-
vations reveal that the option (3.3) for evaluation of the boundary data is evidently
better than the conventional one as claimed in Remark 3.1.

Moreover, in order to see the effect of the temporal Richardson extrapolation,

we choose a suitably large N to reduce the influence of the spatial error. To make



Higher-order uniform convergence 1261

concise presentation, we display numerical results only for £ = 276,2720 after the
temporal extrapolation of the proposed method (4.1) for Examples 6.1 and 6.2,
respectively in Tables 7 and 8. This shows the improvement in the temporal order
of convergence after employing the Richardson extrapolation in the time variable, as
claimed in Theorem 5.1. Simultaneously, Tables 7 and 8 also reflect that the effect of
alternative boundary conditions (3.3) after the temporal extrapolation overshadows
the effect of natural boundary conditions (3.2), by producing the temporal errors
substantially smaller in case of alternative boundary conditions.

The above numerical experiment indicates that by using the temporal Richard-
son extrapolation, one can check the spatial accuracy by choosing At = 1/N. Fol-
lowing this, in Tables 9 and 10, we compare the region-wise spatial accuracy of the
proposed method given in (4.1), for Examples 6.1 and 6.2, respectively . These
computational results match very well with the spatial error as stated in Remark
4.1, which shows that the spatial accuracy is at least two in the outer region and
almost two in the layer regions, irrespective of the smaller and larger values of the
parameter €.

Table 1. Comparison of e-uniform errors and order of convergence for Example 6.1 computed using
At = 1.6/N without temporal extrapolation

ESIE Number of mesh intervals N/ time step size At

64 /45 128/ 45 256/ 155 512/ 555 1024/ 55
upwind scheme with alternative boundary conditions [6]

el.at 5.8496e-02 3.9579¢-02 2.5215e-02 1.5255e-02 8.8471e-03

PV AL 0.56363 0.65042 0.72501 0.78601

proposed method (4.1) with natural boundary conditions (3.2)

et | 3.3637e-02  2.2012e-02  1.2872e-02  7.0903e-03  3.8038e-03

FhAt 0.61179 0.77404 0.86031 0.89842

proposed method (4.1) with alternative boundary conditions (3.3)

elv.at 2.4898¢-02 1.2804e-02 6.4916e-03 3.2684e-03 1.6399e-03

piv.Aat 0.95946 0.97990 0.98999 0.99500

=y
o
a

upwind scheme
(alternative b.c)

proposed scheme
© (natural b.c)

A proposed scheme
1 (alternative b.c)

Max. Error
—
o
o

-t
]
w

102 N 10°

Figure 6. Loglog plot for comparison of the e-uniform errors e¥'2* for Example 6.1.
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Table 2.

Comparison of e-uniform errors and order of convergence for Example 6.2 computed using

At = 1.6/N without temporal extrapolation

€€S: Number of mesh intervals N/ time step size At
64 /& 128/ & 256/ 155 512/ 245 1024/ 545
upwind scheme with alternative boundary conditions [6]
eNoAt 1.1192e-01 7.1853e-02 4.3571e-02 2.5404e-02 1.4408e-02
plV.At 0.63937 0.72168 0.77831 0.81817
proposed method (4.1) with natural boundary conditions (3.2)
eVt 1.7857e-02 1.0390e-02 5.4965e-03 2.9241e-03 1.4870e-03
AL 0.78137 0.91855 0.91050 0.97563
proposed method (4.1) with alternative boundary conditions (3.3)
el At 1.3278e-02 4.7100e-03 1.6507e-03 5.8804e-04 2.9925e-04
At 1.4953 1.5126 1.4891 0.97455
A1 upwind scheme
10 (alternative b.c)
proposed scheme
) © (natural b.c)
s proposed scheme
LU. 102 A (alternative b.c)
s
=
10-3 L
102 N 10°

Figure 7. Loglog plot for comparison of the e-uniform errors eNAt for Example 6.2

Table 3. Maximum point-wise local errors ’e\lj\;’a

At and order of convergence ?{Z‘CAt for Example 6.1 with

natural boundary conditions(3.2) and without temporal extrapolation

Number of mesh intervals N = 512

5
M=16 M=32 M=64 M=128

273 4.1048e-02 2.3271e-02 1.2582e-02 6.6195e-03
0.89873 0.95555 0.98838

26 5.0262e-02 2.6959e-02 1.3901e-02 7.0068e-03
0.92587 0.99806 1.0663

7. Conclusion

In this paper, we develop and analyze an efficient FSFMM following the tempo-
ral Richardson extrapolation for cost-effective higher-order space-time accurate nu-
merical approximation of a class of two-dimensional singularly perturbed parabolic
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Table 4. Maximum point-wise local errors ’Ef\g’CAt and order of convergence ?{Z’At for Example 6.1 with
alternative boundary conditions (3.3) and without temporal extrapolation

c

€ Number of mesh intervals N = 512
M=16 M=32 M=64 M=128
23 2.7796e-03 9.3539e-04 2.8154e-04 7.8802e-05
1.5713 1.7322 1.8370
26 4.6890e-03 1.4747e-03 4.2654e-04 1.1848¢e-04
1.6689 1.7897 1.8481

Table 5. Maximum point-wise local errors e;\ol’cAt and order of convergence 'rLJZ’CAt’ for Example 6.2 with
natural boundary conditions (3.2) and without temporal extrapolation

M=8 M=16 M=32 M=64
€ Number of mesh intervals N = 512
23 6.5690e-02 4.0523e-02 2.2828e-02 1.2229¢-02
0.69695 0.82795 0.90053
26 8.5378e-02 4.9119e-02 2.5928e-02 1.3035e-02
0.79758 0.92175 0.99209
Number of mesh intervals N = 2048
23 6.6237e-02 4.1036e-02 2.3265e-02 1.2580e-02
0.69076 0.81872 0.88707
26 8.6643e-02 5.0396e-02 2.7094e-02 1.4024e-02
0.78179 0.89531 0.95009

Table 6. Maximum point-wise local errors ef\é’c

At N,A .
* and order of convergence Tion ! for Example 6.2 with

alternative boundary conditions (3.3) and without temporal extrapolation

M=8 M=16 M=32 M=64
€ Number of mesh intervals N = 512
23 6.0237e-03 2.2568e-03 7.0946e-04 2.0175e-04
1.4164 1.6695 1.8141
276 7.4980e-03 2.6648e-03 9.1066e-04 3.7428e-04
1.4925 1.5490 1.2828
Number of mesh intervals N = 2048
23 6.0232e-03 2.2565e-03 7.0936e-04 2.0171e-04
1.4164 1.6695 1.8142
26 7.4901e-03 2.6607e-03 7.9614e-04 2.3756e-04

1.4932 1.7407 1.7447
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Table 7. Effect of temporal extrapolation on global temporal accuracy with natural and alternative
boundary conditions for Example 6.1

€ Number of mesh intervals N = 2048

M=8 M=16 M=32 M=64
with natural boundary conditions (3.2)

26 1.9871e-02 6.7257e-03 2.9966e-03 1.6246e-03

1.5629 1.1664 0.88323
2-20 1.9935e-02 6.5946e-03 3.1439e-03 1.5293e-03
1.5960 1.0688 1.0397

with alternative boundary conditions (3.3)
276 3.8994e-03 1.0196e-03 2.6615e-04 6.8500e-05

1.9352 1.9378 1.9581
220 4.4127e-03 1.1497e-03 3.0420e-04 7.9030e-05
1.9403 1.9182 1.9445

Table 8. Effect of temporal extrapolation on global temporal accuracy with natural and alternative
boundary conditions for Example 6.2

€ Number of mesh intervals N = 4096

M=8 M=16 M=32 M=64
with natural boundary conditions (3.2)

26 3.7679e-03 1.4993e-03 8.0354e-04 4.6111e-04

1.3295 0.89988 0.80125
2720 4.0595e-03 1.3386e-03 5.6366e-04 2.2708e-04
1.6006 1.2478 1.3116

with alternative boundary conditions (3.3)
26 1.4013e-03 4.1762e-04 1.1922e-04 3.2995e-05

1.7465 1.8086 1.8533
220 1.8114e-03 5.6383e-04 1.6833e-04 4.7957e-05
1.6838 1.7440 1.8115

convection-diffusion problems of the form (1.1)-(1.2) with non-homogeneous time-
dependent boundary data.

We perform the error analysis for the time semidiscrete case with a suitable
choice of the boundary data other than the classical choice to avoid the order reduc-
tion in time. We prove that the corresponding fully discrete scheme is e-uniformly
convergent in the discrete supremum norm; and show that the spatial accuracy is
at least two in the outer region and almost two in the boundary layer region, re-
gardless of the larger and smaller values of €. In addition to this, we derive the
error estimate associated with temporal Richardson extrapolation and show that it
improves the temporal order of convergence from first-order to second-order. As a
result, the resulting numerical solution is proved to be globally almost second-order
uniformly convergent (considering both space and time) provided the suitable eval-
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Table 9. Comparison (region wise) of maximum point-wise errors and order of convergence for Example
6.1, with alternative boundary data and using temporal extrapolation with At = %

Outer Right boundary layer Top boundary layer Corner layer
region region region region
0,1 —K;q]x (1-Kq,1]x 0,1 —K;q]x (1-Kq,1]x
0,1 — Ky [0,1 —Ks] (1-Ky,1] (1 —-Ky,1]
e=2"%~10""
128 | 3.0977e-05 5.9927¢-05 4.7228e-05 1.5801e-04
1.9702 2.0044 2.0112 2.0138
256 | 7.9059e-06 1.4936e-05 1.1716e-05 3.9127e-05
1.9846 2.0021 2.0068 2.0066
512 | 1.9977e-06 3.7287e-06 2.9152e-06 9.7372e-06
1.9922 2.0009 2.0031 2.0036
e=2"6~10"2
128 | 5.1342e-05 9.1037¢-04 8.9185e-04 1.8120e-03
2.0527 1.7202 1.7184 1.6129
256 | 1.2375e-05 2.7631e-04 2.7102e-04 5.9245e-04
2.0761 1.7659 1.7644 1.6572
512 | 2.9347e-06 8.1248e-05 7.9776e-05 1.8784e-04
2.0949 1.8097 1.8085 1.6926
e=2""~10"*
128 | 8.0654e-05 1.4441e-03 1.4442e-03 2.0562e-03
1.9652 1.6217 1.6219 1.6121
256 | 2.0656e-05 4.6925¢e-04 4.6922e-04 6.7262e-04
1.9776 1.6539 1.6540 1.6594
512 | 5.2448e-06 1.4912e-04 1.4910e-04 2.1294e-04
1.9852 1.6918 1.6918 1.6941

uation of the boundary data is considered and it is confirmed by extensive numerical
experiments.

Acknowledgements

The authors express their sincere thanks to the anonymous reviewers for their valu-
able comments and suggestions to improve the quality of the manuscript.

Declarations

The authors declare that they have no conflict of interest.



1266 N. S. Yadav & K. Mukherjee

Table 10. Comparison (region wise) of maximum point-wise errors and order of convergence for
Example 6.2, with alternative boundary data and using temporal extrapolation with At = % .

Outer Right boundary layer Top boundary layer Corner layer
region region region region
0,1 —K;q]x (1-Kq,1]x 0,1 —K;q]x (1-Kq,1]x
0,1 — Ky [0,1 —Ks] (1-Ky,1] (1 —-Ky,1]
e=2"%~10""
128 | 2.4945e-06 2.5924e-06 1.0747e-05 1.6614e-05
1.9100 1.7768 1.8219 1.8406
256 | 6.6377e-07 7.5658e-07 3.0398e-06 4.6387¢e-06
1.9376 1.9110 1.9095 1.9253
512 | 1.7327e-07 2.0119e-07 8.0916e-07 1.2213e-06
1.9561 1.9634 1.9574 1.9667
e=2"6~10"2
128 | 2.7049e-06 6.7684e-05 6.1853e-05 1.1266e-04
2.0548 2.6141 2.7494 2.4630
256 | 6.5102e-07 1.1055e-05 9.1980e-06 2.0434e-05
1.9558 2.7964 2.8841 2.614
512 | 1.6782e-07 1.5912e-06 1.2459e-06 3.3374e-06
1.9700 2.8600 2.2363 2.7054
e=2"M"~10""*
128 | 2.1486e-05 1.1012e-03 1.1011e-03 1.5501e-03
1.9717 1.6725 1.6725 1.6697
256 | 5.4781e-06 3.4546e-04 3.4540e-04 4.8722¢-04
1.9866 1.7490 1.7490 1.7654
512 | 1.3823e-06 1.0278e-04 1.0276e-04 1.4332¢-04
1.9938 1.8557 1.8557 1.8813
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